Introduction: the mouse model
It is well known that testosterone facilitates aggressive behavior in a wide range of birds and mammals. Bulls are viewed as dangerous whereas their castrated counterparts are not.
Experimental studies have demonstrated, using the ablation-replacement method, that testosterone is responsible for territorial aggression in house mice (Beeman, 1947) . Such laboratory studies were often used as "models" for human behavior, i.e., the controlled procedure provides a simplified version of the more complex human case.
It was with this "mouse model" in mind that studies began on the association between testosterone and aggression in humans, not of course involving castration and replacement, as with the experimental animals. Instead, correlational studies were undertaken to establish whether there was any association between blood plasma (and later salivary) levels of testosterone and aggressive behavior, typically measured by self-report questionnaires. The first of these found an association between testosterone production rate and measures of hostility in a small sample of young men (Persky, Smith, & Basu, 1971) . Since then, a range of other correlational studies have been reported, leading to the overall conclusion that there is a small association (r = 0.08 over 42 studies) between testosterone levels and measures of aggression (Archer, Graham-Kevan, & Davies, 2005) . The associations were strongest for young men and for offenders. Although there are fewer studies, there are also associations for women and for pre-pubertal boys (Archer, 2006) .
In all of these studies, the evidence is for a link between testosterone and aggression: we cannot infer that there is, as in the case of other animals, a causal connection. There are three problems with using the data in this way. First, there is some evidence that being successful in aggressive competition can lead to an increase in testosterone levels, which could accumulate 3 over time to produce higher levels in aggressive individuals. Second, the evidence from the few studies involving controlled trials of testosterone on measures of mood and aggression produced only a few isolated positive findings (Archer, 2006, Table 2 ). Third, a large-sample study of testosterone and aggression in boys going through puberty found no association between testosterone levels and aggression (Halpern, Udry, Campbell, & Suchindran, 1994) .
These reservations about a causal link have not stopped both psychologists and journalists believing that there is one. For example, one research group concluded: "The above information suggests that the rise in testosterone and thus aggressive behavior at puberty coincides with a time of intense competition for mates and/or status" (Book, Starzyk, & Quinsey, 2005) . Another research group concluded: "The male sex hormone testosterone contributes to high levels of violence in both sexes" (Stillman, Maner, & Baumeister (2010) . In this chapter, we argue that these statements are not wholly incorrect, but they do oversimplify a complex situation, which is better appreciated if we consider testosterone-aggression associations from an evolutionary perspective.
An Evolutionary Framework for Testosterone and Aggression
The evolutionary basis of the mouse model is usually implicit. Steroid hormones, including testosterone, are found throughout vertebrates, and are therefore likely to be of ancient origin (Baker, 1997) . This ancient origin has led to a degree of consistency in the hormonebehavior relations throughout the vertebrates, in particular testosterone and related hormones (androgens) control the reproductive physiology and behavior of males in most vertebrate species. Since competition between males is necessary for successful breeding, the control of territorial and dominance-related aggression between males by testosterone provides a contextual link between success in aggressive encounters and in reproduction. Thus in a wide range of 4 species, from all vertebrate groups (fish, amphibians, reptiles, birds and mammals), testosterone facilitates male aggression (Archer, 1988) .
There are, however, many cases where this statement does not apply, and the neuroendocrine control of aggression is different in a number of the species that have been studied. It was against this background that the "Challenge Hypothesis" was first proposed to explain interspecific variations in the hormonal regulation of behavior in birds (Wingfield, 1984; Wingfield, Hegner, Dufty, & Ball, 1990) . It is based on the following evolutionary rationale:
Continued high levels of testosterone are maladaptive, because they are associated with suppression of immune function and risky behavior. This hypothesis leads to two alternative adaptive solutions. The first is to incur these costs, which will be adaptive where the potential benefits of high testosterone are also great (i.e. when inter-male competition is high and success is necessary for mating opportunities). The second alternative is to maintain a lower level of testosterone that is sufficient for reproductive physiology and behavior, and to respond to challenges in reproductive contexts with a temporary increase in testosterone, which in turn supports inter-male competitive aggression in the short-term. This second alternative is typically, but not exclusively, found in species (such as most birds) where a considerable degree of paternal care is necessary for offspring survival.
The Challenge Hypothesis provides a more subtle and complex description of the association between testosterone and aggression than a model that assumes a straightforward causal relationship between testosterone and aggression. The Challenge Hypothesis does not rule out a causal link, but holds that it occurs in two circumstances: (1) in highly competitive, polygynous, species; and (2) in species with paternal care, during those phases of the life history when males are competing for females or for status and/or resources necessary for reproduction.
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Thus the restrictions of the original Challenge Hypothesis are that it applies primarily to monogamous and biparental species, and not to polygynous and non-parental species. In polygynous and non-parental species, levels of adult male testosterone are maintained at a high level as inter-male competition is high. Generally, there is support for the Challenge Hypothesis throughout the vertebrates, but not necessarily for the specific predictions that links it to biparental and monogamous species only (Hirschenhauser & Olivera, 2006) . Humans have been characterized as mildly polygynous or as monogamous. Studies of the relative variance in reproductive success of the two sexes, and the presence of sexually-selected attributes in humans (Archer, 2009) , provide evidence for mild polygyny. Yet humans also have a considerable, but variable, degree of paternal care (Geary, 2000) . This background, together with evidence supporting aspects of the Challenge Hypothesis in chimpanzees (Muller & Wrangham, 2004) , which is neither biparental nor monogamous, make it worthwhile examining whether the Challenge Hypothesis applies to humans.
Assessing the Challenge Hypothesis in Humans
The Challenge Hypothesis involves five predictions: (1) High testosterone levels will be associated with maladaptive attributes, both physical and behavioral; (2) There will be no increase in aggression as a function of the increased testosterone in males at puberty; (3) Adult males will respond to sexual and competitive situations with a transient increase in testosterone; (4) This testosterone surge will increase competitive aggression; and (5) Pair-bonding and paternal care will lead to a decrease in testosterone levels. Two additional predictions can be derived from the Challenge Hypothesis, although they are not part of the original hypothesis: (1) individual differences in testosterone levels will be associated with differences in the relative emphasis the person places on mating versus parental effort; and (2) many of the associations predicted for men will also be found in women.
In a review of studies involving testosterone and human behavior, evidence for most if not all of these predictions was found (Archer, 2006) . Since then, a large number of additional relevant studies have been published. Here we concentrate on those that are concerned with testosterone and aggression, first that competitive situations will lead to increased testosterone, especially in the winners, and second that these relatively transient increases in testosterone will produce an increase in competitive and aggressive behavior.
Does Competitive Behavior Increase Testosterone Levels?
A central aspect of the Challenge Hypothesis is that there will be a testosterone increase as a consequence of competition in young men for women or for status. Although they were not aimed at testing this prediction, a number of previous studies have measured testosterone levels following inter-male competition in the form of sports activities, since these are likely to be equivalent to a challenge situation, particularly when they involve bodily contact (Archer 2006, p. 325) . The findings were actually rather similar for physical and non-physical sports, and somewhat different to those for lab-based competitive situations (Archer, 2006) .
A small increase in testosterone was found in anticipation of a sports competition (d 1 = 0.30; 6 studies), although there was no appreciable increase in three other studies involving labbased tasks with arbitrary winners and losers. During the competition itself, testosterone levels increased in the studies involving sports, to a moderate extent (d = 0.37; 12 studies), but there was little or no increase for the lab-based tasks. In apparent contrast to these findings, there was 7 little or no difference between winners and losers in sports competitions (there were substantial increases during the competition), whereas there were larger increases in winners than losers in the other tasks, which generally involved contrived winners and losers (d = 0.38; from 7 studies).
One caution about these conclusions is that the studies typically involved small samples, and there was variability between studies. To seek to explain such variability, a number of studies have investigated possible mediators or moderators of the effects of winning on testosterone levels, in the form of personality variables. We consider the role of personality on the link between testosterone and aggression in a later section.
Do Increased Testosterone Levels Increase Aggression?
A crucial part of the original Challenge Hypothesis is that an increase in testosterone following competition will produce a transient increase in the willingness to respond to a challenge with aggression. In practice it is difficult to separate increased aggressiveness due to testosterone and that due to another cause and also occurring following a competitive encounter.
Studies of judo competitors found that increases in testosterone from before to after the bout were greater in competitors who looked angry and were more violent in their bouts, as judged by coaches (Suay et al., 1996) . A follow-up study involving observations of participants' behavior found that initial testosterone levels were correlated with more attack, fighting and threat, as coded by two judo specialists (Salvador et al., 1999) . If the initial testosterone levels represent an anticipatory rise in testosterone, as in other studies (Archer, 2006) , this finding would fit the expectations of the Challenge Hypothesis. Alternatively, the pre-contest levels may reflect long-term circulating levels, and represent a stable individual difference in aggression that is associated with these circulating levels.
More recent laboratory-based studies have examined the extent to which competitioninduced fluctuations in testosterone modulate subsequent competitive and aggressive behavior.
In the first study (Mehta & Josephs, 2006) , men competed in dyads on a number-tracing task in which the outcome of the competition was rigged so that one person was assigned to experience a series of victories, whereas the other was assigned to experience a series of defeats. Saliva samples were collected before and after the competition. After the competition, participants were given the opportunity to pick the next task to be performed from two alternatives: either to compete against the same person on the same task; or to complete a questionnaire on entertainment preferences. A rise in testosterone predicted greater willingness to choose the competitive option, whereas a decrease in testosterone predicted a greater willingness to choose the non-competitive option. Notably, this effect was most robust among losers of a competitive interaction. Thus, losers whose testosterone increased during the competition were more likely than those whose testosterone decreased to choose the competitive option.
In another experiment, male participants performed the Point Subtraction Aggression Paradigm (PSAP) and provided saliva samples before and after the competition (Carré & McCormick, 2008) . The PSAP is a well-validated behavioral measure that assesses reactive aggression in a controlled laboratory setting (Cherek et al., 2006) . After performing the PSAP, participants were given the opportunity to compete on a puzzle-solving task with the same person with whom they were paired on the PSAP (which was actually a computer program) or complete a questionnaire on music and food preferences. There was a positive correlation between aggressive behavior and changes in testosterone during the PSAP. Moreover, men
showing a rise in testosterone during the PSAP were more likely to choose a subsequent 9 competitive task than were men who showed a decrease in testosterone (Carré & McCormick, 2008) .
Although these findings indicate a positive correlation between competition-induced testosterone reactivity and aggressive behavior on the PSAP, the design of the study makes it difficult to draw strong conclusions regarding the direction of the effect. Although it is possible that a rise in testosterone during the PSAP promoted heightened aggressive behavior, it is equally possible that increased aggressive behavior on the PSAP promoted a robust increase in testosterone. To address this limitation, subsequent studies were designed to carefully assess aggressive behavior after a change in testosterone is detected.
In the first of these experiments, 99 participants each competed with a same-sex opponent on a number-tracing task. Saliva samples were collected before and after the competition. Next, participants performed the PSAP with the same opponent. Changes in testosterone in response to the number-tracing task were positively correlated with subsequent aggressive behavior for men, but not women (Carré, Putman, & McCormick, 2009 ). In a subsequent study, with a larger sample (n = 237), participants played a video-game competition (volleyball or boxing) in which they were randomly assigned to experience a string of victories or defeats (Carré, Campbell, Lozaya, Goetz, & Welker, 2013) . Again, saliva samples were collected before and after the competition. Next, participants performed the PSAP against a same-sex opponent again (a computer program). Male (but not female) winners showed a larger increase in testosterone and were more aggressive than were losers. Notably, the association between winning and subsequent aggressive behavior was statistically mediated by changes in testosterone for men, but not for women.
A third study investigated whether an intensive intervention program designed to curtail antisocial behavior reduced aggression through its modulation of neuroendocrine function (Carré, Iselin, Welker, Hariri, & Dodge, 2014) . At 6 years of age, at-risk children were randomly assigned to either a control group that received no specific program, or to an intervention group that received a comprehensive training program designed to increase their social competencies, including peer-mentoring, cognitive-behavioral training, and study skills. Participants from the intervention group showed a range of benefits compared to the control group (e.g., higher academic achievement, higher social competence, lower antisocial behavior, such as crime and drug-taking). However, the mechanisms through which the intervention reduced antisocial behavior were not clear. To investigate this, a subsample of men from the larger study were investigated at 26 years of age, to assess the extent to which the early intervention affected later aggressive behavior through different testosterone responses to social provocation . Participants provided saliva samples before, during, and after performing three 10 min.
blocks of the PSAP. The control and intervention groups did not differ in baseline testosterone concentrations or in aggressive behavior during the first block of the PSAP. However, the intervention group showed a decrease in testosterone after the first block of the PSAP and also a decrease in aggressive behavior in blocks 2 and 3 of the PSAP. In contrast, the control group showed an increase in testosterone after the first block of the PSAP and also an increase in aggressive behavior in blocks 2 and 3 of the PSAP. The decreased aggressive behavior in the intervention group was statistically mediated by dampened testosterone reactivity to the PSAP.
This suggests that one (or more) components of the intervention program modulated the way the hypothalamic-pituitary-gonadal axis responded to social provocation.
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The findings reported in this section provide some support for the view that acute fluctuations in testosterone during competitive interactions may serve to fine-tune ongoing and/or future competitive and aggressive behavior. However, a major limitation of the evidence is that it is correlational. Thus, it is not possible to make strong causal claims concerning the role of testosterone in the modulation of human aggression. Research in animal models and recent pharmacological challenge probes designed for use in humans enable us to get one step closer toward understanding the neuroendocrine mechanisms underlying variability in aggression.
Acute testosterone dynamics and aggression in animal models
A number of animal studies have investigated the extent to which competition-induced changes in testosterone play a causal role in the modulation of future aggressive and competitive behaviour. In one study, a group of castrated male mice were randomly assigned to receive a single injection of testosterone or placebo after winning a competitive interaction (Trainor, Bird, & Marler (2004) . The testosterone injection produced a very acute response, with testosterone concentrations rising rapidly, and then returning to baseline 45 minutes later. The next day, the mice engaged in another competitive interaction with a novel male. Those mice that received testosterone after winning a fight were more aggressive on the second (and third day) of testing.
In a second study, the role of testosterone in mediating the 'winner' and 'loser' effects in male tilapia was examined (Oliveira Silva & Canario, 2009 ). Winners of a first aggressive interaction were more likely to win a subsequent aggressive interaction (88% won a second fight), whereas losers were more likely to lose subsequent interactions (87% lost a second fight). However, winners treated with an anti-androgen drug, which prevented the normal increase in testosterone that occurs after winning a competition, were much less likely to win a subsequent aggressive interaction (44% won a second fight). In contrast, losers treated with an androgen (11-ketotestosterone, the primary metabolite of T in fish) were not more likely to win a subsequent aggressive interaction (71% lost a second fight). These findings indicate that the 'winner effect'
(but not the 'loser effect') depends critically on acute fluctuations in testosterone concentrations.
Collectively, these results provide compelling support for the idea that competition-induced fluctuations in testosterone may enable organisms to adaptively fine-tune their social behavior according to their social context.
Studies of Exogenously-Administered Testosterone
Based on the Challenge Hypothesis, we would not necessarily expect long-term administration of testosterone to increase aggressiveness in men, and the null results in a number of studies is consistent with this expectation, as is the lack of evidence for a testosterone-induced increase in aggression at puberty (Archer, 2006) . However, we might expect that testosterone administration would affect responses connected with aggressive responding in the short-term.
In a series of studies, an oral preparation of testosterone was administered to young female volunteers and their responses on a number of laboratory tasks were measured while their levels of testosterone were transiently increased to those typical of young men. Testosterone was found to alter a range of responses, some of which were directly related to aggression, and others to attributes associated with aggression. The first study found increases in the cardiac defense reflex to subliminally-presented angry faces (van Honk et al., 2001) , the second study found increased eye gaze to angry faces (Terburg, Aarts & van Honk, 2012) , and the third study found decreased avoidance of angry faces when these were presented in a series of reaction-time tests involving approach or avoidance to happy, angry or neutral faces (Enter, Spinhoven, & Roelofs, 2014) . The findings from all three studies seem to indicate greater reactivity to briefly-presented angry faces, and that the effects are specific to anger rather than to other emotional expressions.
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Other studies have found that testosterone administration induces a decrease in cognitive empathy (Hermans, Putman, & van Honk, 2006) , and in the unconscious vigilant response to fearful faces (van Honk, Peper, & Schutter, 2005) , Both empathy and fear are attributes that are inversely related to aggression. Testosterone also produced lesser sensitivity to punishment (van Honk, Schutter, Hermans, Putman, Tuiten, & Koppeschaar, 2004) , which is associated with greater impulsiveness. Testosterone was also found to affect activity in brain regions associated with aggression: it led to increased amygdala and hypothalamic reactivity to angry faces (Hermans, Ramsay, & van Honk, 2008; van Wingen et al., 2008) , and decreased amygdalaorbitofrontal cortex connectivity (van Wingen et al., 2011 ).
These studies demonstrate that a wide range of measures that are directly or indirectly associated with aggression can be altered by short-term administration of testosterone.
Nevertheless, there are two aspects of the methods used that may limit their applicability to situations where there is a transient rise in endogenous testosterone in men. First, the doses involved are clearly higher than those that young women would experience from endogenous testosterone. Second, women rather than men were involved in the studies (for the good reason that the physiological protocol for the hormone administration was only available for women).
To overcome these possible limitations, there are now novel pharmacological challenge paradigms that investigate the extent to which a single administration of testosterone modulates neural and behavioral processes in healthy young men (e.g., Eisenegger, von Eckardstein, Fehr, & von Eckardstein, 2013; Goetz et al., 2014; Zak et al., 2009) . One study examined the role of testosterone in modulating threat-related neural function (Goetz et al., 2014) . Male participants were first given a gonadotropin-releasing hormone-antagonist (GnRH-ant), which temporarily suppressed testosterone concentrations and reduced variability in basal testosterone levels. After 14 achieving testosterone suppression, participants were given a single dose of testosterone (100 mg, Androgel®) to acutely elevate testosterone concentrations. Next, participants performed an emotion face-matching task during functional magnetic resonance imaging (fMRI). Within 90 minutes, testosterone rapidly increased amygdala, hypothalamic, and periaqueductal gray reactivity to angry, but not fearful or surprised faces. Notably, these same regions of the brain are rich in androgen receptors (Newman, 1999; Wood & Newman, 1999) , and also play a key role in modulating reactive aggression in animals (Blair, 2010) . It should be noted that individuals at risk for engaging in reactive aggression also show heightened amygdala reactivity to angry facial expressions (Coccaro, McCloskey, Fitzgerald, & Phan, 2007; Carré, Fisher, Manuck, & Hariri, 2012) .
The evidence presented in this section complements the studies of the link between competition-induced testosterone surges and aggression and competitive behavior, by indicating that exogenously-administered testosterone produces both behavioral and neurological changes which may predispose individuals toward aggressive behavior in the context of competitive and/or threat-related situations. Together these two lines of research seem to have produced the evidence needed to fill the gap in the Challenge Hypothesis (Archer, 2006) . This does not mean that there is nothing left to investigate, since novel techniques provide the start of a series of further studies to cover other possible measures that might be influenced by testosterone (Goetz et al., 2014) . In addition, there are a number of individual differences that are likely to complicate the existing findings. Some of these are discussed in the next two sections.
The Influence of Personality
A number of studies indicate that individual differences moderate the relationship between testosterone reactivity and aggressive behavior. An earlier study found that having a 15 high level of a form of power motivation that involved using direct domination of others in faceto-face interactions was associated with larger post-competition increases in testosterone for both winners and losers of a contrived laboratory task, but especially for the winners (Schultheiss, Campbell, & McClelland, 1999) . The attribute identified in this study, seeking to dominate others in a direct and forceful way, is consistent with the Challenge Hypothesis as it would have been adaptive in direct competitive encounters between young men.
More recently, researchers have shown that a rise in testosterone among winners positively predicted subsequent aggression, but only among men scoring relatively high on trait dominance (Carré et al., 2009) . Similarly, exogenous testosterone administration increases competitive motivation, but only among winners scoring relatively high in trait dominance (Mehta et al., in press) . In two other studies (Norman, Moreau, Welker, & Carré, J.M., 2015) , a rise in testosterone during competition was associated with heightened aggressive behavior, but only among men (not women) scoring relatively low in trait anxiety (see Figure 1 ). These findings are notable in the light of animal research showing that trait anxiety modulates neuroendocrine function and aggression. Specifically, male rats selectively bred for low anxiety showed a heightened testosterone response to social threat and aggressive behavior relative to male rats bred for high anxiety (Veenema, Torner, Blume, Beiderbeck, & Neumann, 2007) .
Dual Hormone Effects on Aggressive Behavior
The research reviewed in this chapter suggests that competition-induced changes in testosterone may in part modulate ongoing and/or subsequent competitive and aggressive behavior. As indicated earlier, there is evidence for a weak association between trait-like testosterone (i.e., baseline levels) and aggressive behavior. A growing body of evidence suggests that this association may be more robust when one considers variability in cortisol 16 concentrations. Cortisol is a steroid hormone secreted by the adrenal glands during periods of physical and psychological stress (Dickerson & Kemeny, 2004) . Research in adolescent males found that testosterone concentrations were positively correlated with physical aggression, but only among individuals with relatively low cortisol concentrations (Dabbs, Jurkovic, & Frady, 1991; Popma et al., 2007) . More recent research has found this pattern of findings for various measures that share conceptual and empirical overlap with aggression (e.g., risk-taking, dominance: see Mehta & Prasad, 2015) . However, other studies have not found this dual hormone effect (e.g., Mazur & Booth, 2014) , and others have found that testosterone is positively correlated with reactive aggression and psychopathic traits, but only among individuals with high cortisol concentrations (Denson et al., 2012; Welker et al., 2014) . Clearly, more research will be required to determine if (and under what circumstances) testosterone and cortisol interact to predict variability in aggression and related constructs, and how this might be related to testosterone reactivity to competition.
Conclusions
In this chapter we have shown that the role of testosterone in modulation of aggression and related behavior is more complex than the simple cause and effect model originally derived from selective animal studies. A broader evolutionarily-based theory (the "Challenge Hypothesis") provided the basis for considering research that now dates back over 40 years, ranging from the initial correlational studies, to recent studies that involve sophisticated manipulation of testosterone levels, laboratory procedures rooted in experimental social psychology, and brain imaging. Taken together the emerging evidence shows that competitive behavior influences testosterone levels, which in turn influence aggressive behavior, in a complex way that is moderated by individual differences in personality.
